Introduction
Predictive equations are the most commonly used method for estimating energy expenditure in critical care. Various equations exist, mainly derived using data from healthy subjects, and commonly adjusted for hyper-metabolism associated with critical illness by adding a stress factor. 1 Although predictive equations are efficient and inexpensive, resulting energy estimations have repeatedly shown to be inaccurate when compared to measured energy expenditure with indirect calorimetry (IC). [2] [3] [4] IC provides a more accurate alternative to predictive equations by quantifying oxygen consumption and carbon dioxide production to approximate energy expenditure. It is therefore considered the gold standard method for determining energy expenditure in critically ill patients and is recommended by 2 
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2 recent critical care guidelines as the preferred method to guide energy delivery in critical illness. [5] [6] [7] [8] The amount of energy to deliver during critical illness is unknown, regardless of whether energy delivery approximates a measured or estimated expenditure. A recent large (n = 3957) multicenter randomized controlled trial (RCT) investigating augmented energy delivery compared to standard care found no benefit in the primary outcome of 90-day mortality. 9 One possible explanation is that energy delivery was guided by a predictive equation rather than guided by an expenditure measured with IC. However, it is currently unclear if using a measured energy expenditure determined with IC to guide energy provision is superior to predictive equations in relation to clinical outcomes. The aim of this systematic review was to evaluate whether using IC to measure energy expenditure to inform energy delivery reduced hospital mortality and improved other important outcomes compared to using predictive equations in critically ill adults.
Method
A systematic review was conducted using methods outlined in Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) statement, the Cochrane Handbook for Systematic Reviews of Interventions, and the Center for Research and Dissemination (CRD's) guidance. [10] [11] [12] A protocol was developed a priori and registered on PROSPERO, the international register of systematic reviews, on January 11, 2019 (CRD42019117921). 13 
Population
Randomized and nonrandomized studies were included if they investigated adult (as per definition used in the paper of interest) critically ill patients who had a minimum of 1 IC measurement completed and a predictive equation estimate(s) was used as a comparator. Patients were defined as "critically ill" based on previously published criteria. 14, 15 
Intervention and comparator
The intervention group included participants where IC was used to guide energy delivery in critical illness and the comparator included participants where a predictive equation was used. 
Outcomes measures
Eligibility criteria
Studies were screened based on the following eligibility criteria: Both randomized and nonrandomized study designs were considered for inclusion in the review.
Search strategy
The following databases were searched on November 6, 2018: Cochrane Central Register of Controlled Trials (CENTRAL), Medical Literature Analysis and Retrieval System Online (Medline) including published electronically ahead of print (Ovid SP, from 1948), Excerpta Medica Database (Embase) (Ovid SP, from 1974), and the Cumulative Index to Nursing and Allied Health Literature (CINAHL) (EBSCOhost, from 1948). This was prior to registration of the review on PROSPERO; however, no study processes were commenced until after submission of the protocol for registration (which was registered without changes). 13 The Medline strategy was adapted for other databases with advice from a senior librarian. Publication restrictions for English language and studies containing humans were used pending the accuracy of the indexing for each search engine and at the advice of the senior librarian (see Appendix 1 for the Ovid Medline search strategy).
Study selection
Following the removal of duplicates, 2 investigators (O.A.T.-B. and E.M.) independently screened study titles and abstracts for inclusion in the review. Discrepancies were resolved by Tatucu-Babet et al 3 consensus with a third investigator (E.J.R.). Processes were refined to ensure consistent methodology during the early stage of the screening process and prior to formal processes beginning. Articles deemed eligible for full-text review were assessed according to previously described inclusion and exclusion criteria by the same 2 investigators independently, with discrepancies resolved by the same third reviewer and group consensus. Once a final list of relevant articles was established, reference lists of included studies, relevant review papers, and clinical practice guidelines were hand searched for any additional eligible articles.
Data extraction and management
Data were independently extracted by 2 investigators (O.A.T.-B. and K.F.) and any discrepancies resolved with a third reviewer (E.J.R.). Prespecified data points for extraction included study methodology, sample size, patient characteristics, clinical characteristics, measured and estimated energy expenditure, method of estimated energy expenditure, and IC details including device used and if a steady state was reached, type of nutrition provided, energy delivered, percentage energy delivered versus measured or predicted requirements, and clinical outcome data. Authors were not contacted where data were unavailable in the primary publication.
Assessment of risk of bias in included studies
The Cochrane Risk of Bias Tool was used to assess the risk of bias of included randomized studies. 12 Two investigators (O.A.T.-B. and K.F.) independently assessed the risk of bias in included articles, with discrepancies resolved by a third reviewer (E.J.R.).
Study selection and management of review processes
EndNote reference manager software program (version X8.2, New York City: Thomas Reuters) and the online systematic review management program, Covidence 2013 (www.covidence.org) were used to coordinate the screening and data collection process.
Statistical reporting
Data from included studies is reported as "intention to treat" (ITT) where available or otherwise as "per-protocol." For continuous variables, mean and standard deviations (SDs) were directly recorded. To allow for comparison, where median with interquartile range (IQR) were reported, the data were converted to mean (SD) data as described by Wan et al. 16 Mortality is presented as odds ratio (OR) with 95% confidence interval (CI) and the duration of MV and ICU LOS as mean difference (MD) with 95% CI. Where meta-analysis has been conducted, the presence of statistical heterogeneity between studies was assessed using the chi-square statistic, with ⩽0.10 indicating significant statistical heterogeneity and the I 2 indicating the magnitude of the heterogeneity. An I 2 of ⩾50% was considered problematic heterogeneity and a random-effects meta-analysis performed. Where I 2 was <50%, a fixed-effects meta-analysis is presented.
Results
Study selection
The literature search identified 4060 articles following the removal of duplicates (Figure 1 ), with 203 articles retrieved for full-text screening and 5 RCTs included. [17] [18] [19] [20] [21] One study was excluded following initial inclusion, as it did not meet the review definition of being conducted in a critically ill population, 17 leaving 4 studies that analyzed 396 participants. [18] [19] [20] [21] No nonrandomized studies met the eligibility criteria.
Study characteristics
Study characteristics are summarized in Table 1 . All 4 of the included studies were single-center parallel RCTs and participant numbers ranged from 27 to 203 patients. [18] [19] [20] [21] Three studies (Singer et al, 18 Allingstrup et al, 20 and Gonzalez-Granda et al 21 ) comprised of predominantly medical ICU patients and the remaining study (Landes et al 19 ) included patients admitted to a long-term acute-care hospital for failure to wean from MV.
Risk of bias
The risk of bias assessment can be seen in Figures Allocation concealment was unclear in one study (Singer et al 18 ) and inadequately described in another study (GonzalezGranda et al 21 ) . The remaining 2 studies were considered low risk of bias. 19, 20 Study personnel were blinded in one study by having alternate study members estimate and measure energy expenditure (although details of blinded outcome assessors were lacking) 19 and outcome assessors were blind to group allocation in another. 20 The remaining 2 studies were considered at high risk of bias as participants and study personnel were not blinded. 18, 21 One study (Gonzalez-Granda et al 21 ) was deemed at high risk of attrition bias due to incomplete outcome data (informed consent was withdrawn from just under 50% of the initially recruited patients). The remaining 3 studies were considered low risk of bias. [18] [19] [20] All studies were considered to have a low risk of bias for the "selective outcome reporting" and "other" sources of bias.
Nutrition characteristics and delivery
Studies reported that IC measurements repeated at frequent intervals were used to guide nutrition therapy in the intervention arm, but the total number of IC measurements completed was not specified in all studies. Enteral nutrition (EN) was used preferentially to meet energy targets, with supplemental parenteral nutrition (PN) used as required in 3 studies (Singer et al, Allingstrup et al, and Gonzalez-Granda et al). Details of nutrition protocols between study arms are detailed in Table 1 . All 4 studies reported higher receipt of energy close to the measured energy expenditure by IC compared to the predictive equation arm, although only 3 studies [19] [20] [21] reported a percentage delivered versus prescribed energy target. In these 3 studies, the mean range of energy delivery reported in the primary articles was 62% to 79% and 87% to 98% in the predictive equation and IC arms, respectively. When the data were transposed for comparison, the median (IQR) delta between the IC and predictive equation arms was 19% (10%-32%).
Hospital mortality
Hospital mortality was reported in 2 studies (Singer et al 18 and Gonzalez-Granda et al 21 ) . One study (Singer et al 18 ) reported a nonsignificant reduction in hospital mortality with IC and the other (Gonzalez-Granda et al 21 ) reported a nonsignificant increase. When combining these studies, hospital mortality was not associated with the use of IC to inform energy delivery (2 studies, 170 participants, random-effects analysis; OR = 0.81, 95% CI = [0.25, 2.67], P = 0.73, I 2 = 52, Figure 4A ). One study (Allingstrup et al 20 ) included data on 28-day, 90-day, and 6-month mortality with no differences reported between the IC and predictive equation arms (Table 2 ). Including 28-day mortality in a meta-analysis with the 2 studies that reported hospital mortality did not alter the association between mortality and IC (3 studies, 369 participants, fixed-effects analysis; PRISMA indicates Preferred Reporting Items for Systematic Reviews and Meta-analyses. Figure 4B ). The remaining study did not report hospital mortality. 19 
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Secondary outcomes
Secondary outcomes defined for this review and reported in included studies are displayed in Table 2 . No differences in ICU mortality and hospital LOS were reported between study arms in any study. 18, 20, 21 One study (Singer et al 18 ) reported an increase in the mean duration of MV in the IC versus the predictive equation groups, while no differences were reported in 3 studies (Landes et al, 19 Allingstrup et al, 20 and GonzalezGranda et al. 21 ). When combined, the use of IC was associated with a significantly longer mean duration of MV (4 studies, 396 participants, fixed-effect analysis; MD = 2.01, 95% CI = [0.45, 3.57], P = 0.01, I 2 = 26%, Figure 4C ). No studies reported ventilator-free days. Mixed findings were reported for ICU LOS; one study (Gonzalez-Granda et al 21 ) reported a significant reduction, and 2 studies a significant increase (Singer et al 18 Figure 4D ). The remaining study (Landes et al 19 ) did not report ICU LOS. Only 1 study investigated outcomes related to muscle mass. 21 Although the authors did not report on changes in muscle mass (secondary outcomes of this review), a decreasing trend in phase angle (a marker of cell health and reported to relate to nutrition status and muscularity) from baseline to discharge was noted in the predictive equation arm with no change in the IC arm. 21 No studies reported on muscle strength measures.
Discussion
This is the first systematic review to explore whether using IC to inform energy delivery impacts patient outcomes compared to using a predictive equation. Few studies were identified, and this limits definitive conclusions; no benefit was observed in hospital mortality with using IC over predictive equations and the results of secondary outcomes were conflicting; 1 study reporting a longer duration of MV when IC informed energy delivery, 2 studies an increased ICU LOS, 1 study reporting a reduced ICU LOS, and the remaining studies reporting no differences in secondary outcomes. When combined in a metaanalysis, IC informed energy delivery was associated with a longer duration of MV but there were no differences in ICU LOS. No differences were observed for ICU mortality and hospital LOS in any of the included studies, and there were limited studies that reported outcomes relating to muscle mass and/or strength. Higher energy adequacy was achieved across all studies in the IC arm, using predominantly EN, supplemented with PN. The quality of studies varied, with the main limitation relating to the lack of blinding of study personnel and patients to group allocation. A clear finding of this review is that energy delivery that approximates measured energy expenditure can be achieved when IC is used, although there was variation in the amount of additional energy achieved in the intervention arms, likely due to variations in study protocols. The variation in study protocols included different approaches to ensure energy targets in the IC groups were met soon after study inclusion (eg, using EN supplemented with PN), and the monitoring provided by study personnel or dietitians, which differed from usual care adopted in the predictive equation control arm. 18, 20, 21 This hindered comparison between studies. In one study, energy delivery was above 100% of measured targets on some days in comparison to approximately 80% in the predictive equation control arm. 18 The higher energy delivery in the IC arm across included studies may have impacted the duration of MV, which was significantly greater in the IC arm in the meta-analysis. This finding is hypothesis generating, with data from adequately powered studies required before this can be confirmed. 
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Reductions in mortality or improvements in other clinical outcomes have not been observed in recent RCTs investigating differing energy targets (hypocaloric, trophic, or augmented) in critical illness, when energy delivery was guided by predictive equations. 9, 22, 23 Moreover, recently conducted meta-analyses have not demonstrated a benefit with greater energy delivery, although such analyses are subject to the limitations of the trials included. [24] [25] [26] [27] [28] [29] The rationale underlying the use of IC is that an accurate measure of energy expenditure should facilitate greater precision in the delivery of energy when compared to the use of a predictive equation, thereby, minimizing the risk of inadequate or excessive energy delivery. This imprecision with predictive equations is a possible explanation for the no-effect findings from recent RCTs. 9, 22, 23 This concept of precision to avoid under or excessive feeding is supported by an observational study of 1171 patients from a single center in Israel investigating the routine use of IC in critical illness. Study findings indicated a u-shaped relationship between energy delivery and mortality, such that delivery of 70% of a measured expenditure was associated with the lowest mortality risk. 30 An alternative hypothesis is that the phase of illness is of greater importance, with less energy during the acute phase and more energy during the later phase of critical illness being of greater consequence than the method used to direct the amount at any time. 5 This has also not been addressed in the aforementioned trials, with 2 of the 4 studies aiming to meet 100% of IC energy targets soon after study inclusion. 20 The use of IC to improve precision of nutrition delivery across the different phases of illness and the impact on outcomes requires evaluation in adequately powered RCTs.
Implications for practice and research
Although recommended in clinical guidelines, this review highlights that there is a lack of definitive data to prove that using IC to guide energy delivery influences clinical outcomes compared to predictive equations. Furthermore, the review findings suggest that the use of IC may be associated with a longer duration of MV, although this may be a reflection of the small sample size and increased energy delivery in the IC arm of included studies rather than an indication of the usefulness 
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Strengths and limitations
This is the first dedicated systematic review that addresses the impact of IC on clinical outcomes in critical illness. The methodology adopted represents the strength of the present review, with processes aligned to the PRISMA guideline. This ensures that the review processes were conducted in a way that minimizes bias and that findings are reported in an objective manner. The major limitation is the small number of papers eligible for inclusion. The decision to omit studies that used IC to guide nutrition therapy without a comparator arm related to the clinical question being addressed in the review; however, the approach to exclude observational data does reduce the number of patients included in the review. It is also likely that the effects of energy and protein are synergistic; however, we did not focus on protein in this review.
There is increasing interest in the influence of protein adequacy on outcomes in ICU patients. [31] [32] [33] Ideally, future studies of energy should ensure that protein delivery remains constant between study arms to minimize the influence of protein adequacy as a confounder. There are also limitations within the studies included. Specifically, the studies were (1) underpowered to detect differences in outcomes; (2) the duration of intervention ranged from 2 weeks to ICU discharge; (3) there was unclear reporting of the quality of IC measurements and how many repeat tests were conducted per patient (meaning even using IC, nutrition can be misguided if measurements are not repeated); (4) energy delivery was not tailored according to the metabolic phase of illness in all studies and energy targets were more closely met in the acute early phase in IC versus the predictive equation study arms and; (5) the outcome measures used may not be intuitive to a nutrition intervention and were reported inconsistently. These inconsistencies may explain the conflicting secondary outcomes observed within included studies and need to be addressed in any future trials.
Conclusion
Limited data exist to evaluate the impact of using IC to measure energy expenditure to inform energy delivery in comparison to predictive equations on patient-centered outcomes during critical illness. Whether the use of IC is associated with other important outcomes, including duration of MV, needs to Tatucu-Babet et al 9 be further explored with adequately powered, multicenter RCTs that attend to the limitations of previous studies.
